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Abstract 
    Myosin-generated stresses are responsible for non-equilibrium mechanical behavior of 
synthesized cytoskeletal networks in vitro. In particular, it is found that myosin stresses can modify 
the network elasticity. For living cells, it has been suggested that internally generated stress might 
help cells sense and mimic the stiffness of their environments. However, cellular mechanical 
responses to intracellular stress are not well understood.  
    To address these questions, we studied microrheology inside living cells by comparing their 
mechanical properties to those expected by a statistical analysis of non-thermal fluctuations. We 
used an experimental method that combines optical tweezers-based active microrheology with 
particle-tracking passive microrheology. First, we calibrated the trapping force in the linear 
restoring-force regime with oscillatory optical tweezers. Then, we used optical tweezers to test the 
response functions against the fluctuation-dissipation theorem in equilibrium systems (i.e., 
polymer solutions or colloidal crystal gels) and in non-equilibrium systems (i.e., living cells).  
    In living cells, we employed cellular microrheology using an internal probe as well as an 
externally attached particle. Whereas extracellular probes attached to the cytoskeleton provide a 
measure of global cell mechanical properties, intracellular probes provide direct measurements of 
intracellular mechanical properties. We used an engulfed micro-particle as a probe to study local 
intracellular stress and stiffness. The relationship between fluctuations in stress and in cell 
elasticity for living cells under different internal tensions reveals a strong non-linearity between cell 
elasticity and intracellular stress, which follows a master curve. Our results show that the motors 
induce an internal tension that forces the network into a non-equilibrium and non-linear state.  
    These aspects provide a better understanding of the noise in a non-equilibrium system. The 
relationship between the different sources of noise in living cells helps reveal the inner workings of 
the highly dynamic cytoskeleton network. Studies of intracellular stress and mechanical properties 
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promote our current understanding of how cells sense and respond to their mechanical 
environment. Such knowledge could lead to new designs in biomaterials and advance our 
understanding of diseases related to cellular mechanotransduction. Our studies in active systems 
contribute to our knowledge of fundamental non-equilibrium statistical physics in biological 
systems.   
  
3 
 
1. Introduction 
Soft matter physics is a subfield of condensed matter physics comprising a variety of physical 
states. Most soft-matter systems have a multitude of fluctuating energy barriers of comparable 
height [1], which can cause matter to develop complex viscoelasticity, phase transitions, or 
self-assembly behavior [2]. An open question in soft matter physics is how to understand the 
properties of these complex phenomena. In this thesis, we use rheology to study the physical 
properties of soft matter (i.e., polymers, colloid solutions, living cells) in both equilibrium and 
non-equilibrium systems. In this chapter, an overview of soft matter is introduced in Section 1.1. 
Then, rheology and cellular microrheology are described in Sections 1.2 and 1.3. Finally, the 
techniques of cellular microrheology are described in Section 1.4. 
1.1 Introduction to Soft Matter 
Soft matter is a convenient term for states of materials [1, 2]. In 1991, Pierre-Gilles de Gennes 
received the Nobel Prize for discovering, from simple thermodynamics, the order parameter to 
study in complex soft-matter systems such as liquid crystals and polymers [3]. Many of these 
materials have specific physicochemical properties including micro- or nano- size scales, a large 
number of internal degrees of freedom, weak interactions between structural elements, and 
structural bond energies comparable to thermal energy. These properties lead to large thermal 
fluctuations [4]. The fluctuations in a system at equilibrium are strictly dictated by how the system 
dissipates energy. In a mechanical system in thermal equilibrium, fluctuations in the local density 
tell us about the viscoelasticity of the material. However, in a non-equilibrium system, fluctuations 
may not follow the same rule. In this thesis, we investigate the physical properties in both 
equilibrium systems (i.e., polymer solutions or colloidal crystal solutions) and non-equilibrium 
systems (i.e., living cells). 
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One specific class of soft matter - polymer - can be found from natural materials like wood or 
silk, as well as from synthetic plastics, fiber, or gels, which have many applications. To form a 
polymer, a monomer species must link to other monomers by either step-growth or chain 
polymerization [5]. Polymer solutions have a complex phase behavior making them more viscous 
than a water solution. In the solid state, polymers are difficult to crystallize due to the large entropy 
associated with straightening out every polymer chain [6]. Depending on the time-scale of the 
observation, polymers can become glassy or viscoelastic [5]. Polymeric behavior depends on the 
interactions between polymer molecules. These interactions are affected by their concentration. In 
a dilute solution, the molecules are well separated and do not interact with each other. Each 
molecule can be considered an isolated coil. When the concentration is increased, coils start to 
overlap; at this point, the concentration of polymer segments in the bulk solution is equal to the 
average concentration of segments in the individual coils. Polymer chains in dilute, overlap 
concentration, and semi-dilute solutions are sketched in Figure 1.1.   
 
Figure 1.1 Schematic representation of (a) dilute, (b) overlap concentration and (c) semi-dilute 
polymer solutions. 
Colloids are another specific class of soft matter. The world around us is full of colloids such 
as smoke, mist, and rocks; even our body and foods contain colloidal particles. For industrial 
applications, synthetic paints, foams, and pastes must be prepared using materials containing 
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colloids. Study of the inter-particle interactions is a central issue in the technology of preparation 
and processing of colloid dispersions and in creating colloid stability. A typical colloid with 
dimension in the range of 1 nm to 1 µm has a large surface-to-volume ratio, which is important for 
surface chemistry. In colloidal particle solutions, the balance of attractive and repulsive forces 
controls the stability of the dispersion; under certain conditions, they can attract each other and 
aggregate, termed flocculation [7]. Charges at the surface of a colloid particle attract counterions 
that form a layer called the electric double layer [8]. The double layer includes two regimes. First, 
the surface charges attract ions that adsorb and bind tightly to the surface, forming the Stern layer. 
The second layer is composed of attracted ions that organize more diffusely due to random 
thermal motions. The distribution and concentration of charged species can be described by the 
Poisson-Boltzmann equation. In the study of inter-particle interactions, the velocity of a charged 
colloid particle induced by an electric field can be measured by electrophoresis. In addition, the 
viscoelastic properties of a colloidal-particle solution can be used to study the structural and 
dynamical complexity of a colloidal system through rheological approaches.     
 
Figure 1.2 Diagram showing the ionic concentration around a charged colloidal particle. 
Compared to polymer materials or colloid solutions, biological soft materials are more 
complex. Biological soft matter is sensitive to temperature, pH, and salt concentration. Unlike the 
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equilibrium systems mentioned previously, living biological materials (i.e., cell, bacterial, or virus) 
are maintained far from equilibrium due to an input of ATP energy. The study of such 
non-equilibrium system is introduced in Chapter 4. 
The typical experimental methods to study the physical properties of soft matter materials are:  
(1) Microscopy methods: optical microscopy can be used to examine the macro-aggregates 
formed by polymers or to view colloidal particles around 1 µm in size. Polarized optical microscopy 
is useful for identifying birefringent structures formed by liquid crystals. Electron microscopy 
provides structural information to sub nanometer resolution and is used to image dry materials.  
(2) Scattering methods: static light scattering can provide information on particle size and 
shape by analysis of diffraction from point scatters for Rayleigh or Mie scattering. Dynamic light 
scattering is used to study the diffusion of polymer or colloidal solutions. X-ray and neutron 
scattering can be used to probe features with sub nanometer resolution due to the smaller 
wavelength.  
(3) Spectroscopic methods: nuclear magnetic resonance is a method to probe the motions of 
nuclei on molecules when they come into resonance with an oscillating magnetic field. Nuclear 
magnetic resonance spin relaxation measurements have also provided information on the local 
dynamics of segments of a polymer chain. Infrared and Raman spectroscopy are used to probe 
vibrational or rotational motions of molecules, providing information about specific bonds.  
(4) Rheology methods: rheology, which will be introduced in more detail in Section 1.2, is the 
study of mechanical responses to a dynamic stress or strain. In this thesis, we focus on using 
rheology to study the physical properties of soft matter including polymers, colloidal solutions, and 
biological soft matter.  
7 
 
1.2 Introduction to Rheology 
Rheology is the study of the deformation of matter in response to an applied force [9, 10]. In a 
broad sense, the term rheology ("rheo" means "to flow") refers both to studies of the deformation, 
as well as to the flow of materials under the influence of applied forces. Rheological behavior 
encompasses macroscopic phenomena including flow of viscous liquids, mechanical properties of 
elastic solids, and viscoelasticity. In classical terms, the mechanical properties of elastic solids can 
be described by Hooke's law, which states that an applied stress is proportional to the resultant 
strain but is independent of the rate of strain. For liquids, the corresponding statement is known as 
Newton's law, where the stress is independent of the strain but proportional to the rate of strain. 
Simple solids store energy and provide a spring-like, elastic, response, whereas simple liquids 
dissipate energy through viscous flow. In many cases, a material may exhibit the characteristics of 
both a liquid and a solid. Rheological measurements reveal both the elastic property (capability to 
store mechanical energy) and viscous property (characteristic dissipation of energy, often in the 
form of heat) both of which generally depend on the time scale [11]. The system is then said to be 
in a viscoelastic state. 
Rheology has applications in geophysics, materials science, and physiology. In geophysics, 
viscoelastic properties of both solid-earth materials and the flow of lava can be measured by their 
small yield stress at either short or long time scales [11]. In materials science, rheology is used to 
study several important industrial products including cement, paint, and chocolate. A detailed 
understanding of the complex viscoelastic properties under applied stress provides important 
knowledge to maintain the stability of the product and to control variations. In physiology, rheology 
is used to study body fluids which have complex viscoelastic properties. Hemorheology, the study 
of blood flow, mechanical properties of blood cells, and viscosity of plasma, is an important 
sub-branch of microrheology with a long history with critical biomedical applications [12, 13].   
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One way to characterize a rheological response is to study complex mechanical properties 
including stored and dissipative mechanical energy. The shear modulus (G) is one of the 
mechanical properties determined by the measurement of strain (deformation per length) is 
response to stress (force per unit area). There are several different moduli that can be defined by 
the direction of the applied forces. Young’s modulus (E) is the extension of a material under 
tension, and the bulk modulus (Κ) is the deformation under a compression. The shear modulus 
and bulk modulus of homogeneous isotropic linear elastic materials are related to Poisson's ratio, 
υ, which is the negative ratio of transverse to axial strain. An incompressible material that deforms 
elastically at small strains would have a Poisson's ratio of 0.5.  
 
Figure 1.3 Schematics showing the direction of the applied stress in several common 
measurements of mechanical properties including the bulk modulus (K), Young’s modulus (E), and 
shear modulus (G). The chart shows the relations among the 3 moduli terms of Poisson's ratio. 
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Compared to these rheological studies for the measurement of bulk-average viscoelastic 
properties, cellular rheology calls for the development of microrheology [14-17] to reduce the 
sample volume. Applying microrheology in cellular environments provides useful information on 
the molecular and structural dynamics in living cells and on the physical behavior of cellular 
cytoskeletal networks. These aspects of the cell will be discussed in more detail in the next 
section.  
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1.3 Introduction to Cellular Microrheology 
Living cells are highly dynamic and inhomogeneous. A variety of motor proteins, meander 
along transporting cargo across the cells and generate forces to maintain the cell's mechanical 
integrity using the three-dimensional network as a scaffold. There is abundant evidence relating 
the cells’ mechanical properties to the cells’ functions [18-26]. However, owing to the complexity of 
living cells, a comprehensive understanding of the relationship between the mechanical properties 
and the biological functions is lacking. Many aspects of cellular physiology rely on the ability to 
control mechanical forces in order to maintain cell shape. The dynamic, mechanical cellular 
behavior is determined by networks of filamentous proteins known as cytoskeleton.   
 
Figure 1.4 Fluorescent images of (left) microtubule filaments and (right) actin filaments in 
fibroblast cells.  
The cytoskeleton, a network of protein filaments that supports the shape and motion of a 
living cell, contains three main cytoskeletal filaments: actin filaments, intermediate filaments, and 
microtubules. (1) Actin filaments form by polymerization of globular actin (G-actin) subunits into a 
twisted filamentous actin (F-actin). ATP-actin can bind to one end (the barbed end) for filament 
growth, called polymerization; depolymerization occurs at the other end (the pointed end). Actin 
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bundle filaments, termed "stress fibers", generate contractile forces due to myosin-motor activity 
controlled by the Rho family of small GTP-binding proteins. (2) Intermediate filaments have an 
average diameter of 10 nanometers and organize the internal three-dimensional structure of the 
cell without the requirement of GTP and ATP hydrolysis. They play a role in anchoring organelles 
and serve as structural components of cell-cell and cell-matrix junctions. (3) Microtubules, highly 
dynamical structures exhibiting polymerization and depolymerization, are commonly organized by 
the centrosome.  
The dynamic proteins in these cytoskeletal networks can be imaged, to reveal their structure 
[27]. An understanding of the biophysical properties of living cells is still lacking due to a lack of 
studies of the mechanical behaviors of the dynamic cytoskeleton. Mechanically exploring their 
interior noninvasively has been a major challenge. Studying cellular mechanical behavior requires 
the development of quantitative experimental methods and physical models such as cellular 
microrheology, which will be described in the next section.  
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1.4 Overview of Cellular Microrheology Techniques 
Microrheology of living cells can be used to gain insight into the inhomogeneous structure and 
dynamics of the cytoskeleton [16, 28-30]. As a living polymer network, the cytoskeleton is 
constantly polymerizing and depolymerizing, depending on the biological functions of cells [31]. It 
has been shown that the cytoskeleton is directly connected to the nucleus, and that external shear 
stress stimuli [32] can lead to cytoskeletal reorganization as well as to modulations of gene 
expression [21]. It is also well known that the differentiation of stem cells depends on the 
attachment of the cell to a substrate [33-38]. Like many mechanical systems, the stress-strain 
relationship of biological cells also depends on the mechanical integrity of the cells and the 
extracellular matrix around the cells. Knowledge of the role of cellular mechanical forces or cellular 
stresses would provide a better understanding of the complex system of cellular signaling 
pathways [21]. More details will be discussed in Chapter 4. 
In this Section, we detail a variety of cellular microrheology techniques. Microrheology can be 
broadly classified as either passive or active; the former involves measurement of the passive 
motions of probes due to thermal or Brownian fluctuations [39-42], and latter involves 
measurement of the dynamic responses of the probes to active forces [43, 44].  
In the passive approach, the Brownian motion of probed particles embedded in the sample 
medium are tracked and analyzed to deduce the viscoelastic property of the sample [43-47]. In an 
equilibrium system where only thermal forces act on a probed particle, the motion of the particle is 
the random walk caused by thermal fluctuations constrained by the viscoelasticity of the 
surrounding material. The embedded particles must be much larger than any structural size of the 
material, and the measurements of tracking particle motions must be faster than the macroscopic 
stress relaxation time. The accuracy of passive microrheology depends on accurate tracking of the 
motions of probe particles as a function of time. For these studies, target cells can be deeply 
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embedded in a three-dimensional matrix [15, 48, 49], a condition similar to cells in their 
physiological environment and difficult to probe by other methods. 
 
Figure 1.5 A schematic diagram of different microrheology platforms including active and passive 
approaches. 
In the active approach, external forces would be applied to the cell, measure its dynamic 
mechanical response, and calculate the viscoelastic property [21, 50-53]. There are several 
methods typically used in the active approach.  
(1) Micropipette aspiration: a cell is aspirated into a micropipette by applying suction pressure 
(0.1–10 kPa). The aspiration length of the cell inside the micropipette is imaged and recorded as a 
function of time [54-58]. This method can measure the elastic and viscous properties of living cells. 
However, quantification of the mechanical properties depends strongly on different theoretical 
models; so the most recent application of micropipette aspiration is simply to capture or hold cells.  
14 
 
(2) Uniaxial rheology: invented by Thoumine and Ott [59], this method consists of two parallel 
microplates that support cell adhesion and spreading. A whole cell is stretched between two plates. 
The micro-plate is used as a nN-scale force transducer. Measureable forces range from 1 nN to 1 
μN, and several manipulation modes are possible, including compression, traction, aspiration and 
adhesive rupture. This method can provide a force strong enough to induce significant 
deformations of an entire cell.  
(3) Optical stretcher: consisting of either two counter-propagating laser beams [60-63] or 
dual-single strongly focused laser beams [64-66], this method has been used for noninvasive and 
non-mechanical-contact trapping and stretching of biological cells in suspension to measure their 
viscoelastic properties. However, this approach is limited by the various approximations and 
assumptions involved in the theoretical modeling used to calculate the optical stretching force [67].  
(4) Atomic force microscopy (AFM): this technique can be used to measure the “stiffness map” 
of the cell surface. The key component of AFM is a sharp tip mounted on a cantilever which scans 
over the sample surface. It has sub-nanometer resolution to probe global and local 
nano-mechanical properties of cells [68, 69].  
(5) Magnetic cytometry: this method can be used to measure cell-membrane or intracellular 
viscoelasticity by applying oscillatory forces to magnetic particles [70, 71]. The viscoelasticity can 
be probed using magnetic tweezers or magnetic twisting. The particle movement is due to its 
induced magnetic dipole with the magnetic field gradient. The corresponding displacement of the 
magnetic particle is used to measure local cellular mechanical properties.  
(6) Optical tweezers: this technique [72, 73] can generate an oscillatory optical force on a 
probed particle, either attached on the cell membrane or embedded in the cytoplasm to probe 
viscoelasticity [45, 46, 74-76]. The experimental data from optical tweezers can only be used to 
study viscoelastic responses at low force in the linear regime. This regime will be discussed in 
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Section 2.2.3. An oscillatory optical tweezers-based active microrheological approach is the major 
method used in this research. 
The subsequent chapters are arranged as follows. In Chapter 2, we begin with an overview of 
the basic principles of oscillatory optical tweezers-based microrheology. Then, we illustrate 
applications of this technique to determine the micro-mechanical properties of equilibrium systems 
(i.e., polymer and colloidal crystal solutions) in Chapter 3, and non-equilibrium systems (i.e., living 
cells) in Chapter 4. We end by summarizing recent progress and future prospects in Chapter 5.  
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2. Materials and Methods 
2.1 Sample Preparation 
2.1.1 Preparation of Polymer Solutions 
Poly(ethylene oxide) (PEO), also known as poly(ethylene glycol) (PEG), is a synthetic 
polyether. These polymers are amphiphilic and soluble in water as well as in many organic 
solvents. The micromechanical properties of an aqueous solution of PEO polymer are measured 
as described in Sections 3.1 and 3.3. Samples of polyethylene oxide (Sigma, #181986, 
glass-transition temperature Tg = -67℃, molecular weight MW = 100 kg/mol) with linear formula 
(-CH2CH2O-)n. are seeded with a small amount (volume fraction~ 10-5) of particles as a 
microrheology probe. As discussed in the previous section, the semi-dilute regime, above the 
concentration where individual polymer chains start to overlap, is bigger than 0.5 wt%. For a 20 
wt% solution of 100 kg/mol PEO in water, the average mesh size of the polymer network is around 
8 nm, which is much smaller than the size of the micron-sized particle used in our study. 
2.1.2 Preparation of Colloidal Liposome Solutions  
Liposomes are formed from a thin lipid bi-layer composed of cationic, anionic, or neutral lipids. 
The lipids are first dissolved in chloroform (CHCl3) and then mixed in the desired ratio. The lipid 
solution would be clear to assure a homogeneous mixture. Then, the mixed lipid solution is added 
to a round-bottom flask and the chloroform is removed by rotary evaporation. By placing the flask 
on a vacuum pump overnight, a thin lipid film forms on the walls of the flask and is thoroughly dried. 
The dry lipid film can be removed from the walls by adding de-ionized water and shaking. Charged 
liposomes produce a viscous gel, which produces a stable, multi-lamellar liposome suspension. 
Then, the multi-lamellar liposomes can be farther processed by an extrusion, which makes 
homogeneously-sized unilamellar liposomes. Extrusion through polycarbonate filters with 100 nm 
 pores yields colloidal liposomes 
particle charge of liposomes 
C42H82NO8P, MW = 771.0, Avanti
Zeta potentials of the charged liposomes 
Figure 2.1 (a) Particle size and 
light scattering (Malvern Nano Zetasizer
2.1.3 Preparation of HeLa 
Several HeLa cell lines that stably express GFP fusion proteins have been engineered. This 
includes GFP-fusion markers for crucial cytoskeletal components such as tubulin 
regulatory light chain (MRLC
HeLa cells (human cervical epithelial adenocarcinoma cells) expressing MRLC
in our study. HeLa cells are 
Invitrogen #11960-044) supplemented with 
Invitrogen #10082-147, heat activated 
Invitrogen #15140-122), 
mL, Invitrogen #25030-
#10131-035). The cell line 
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with a mean diameter of 105 nm as shown in Figure 2.1(a)
is determined by the ratio between a 
) and neutral lipid (POPC; C40H76NaO10
in de-ionized water are shown in Figure 2.1(b)
(b) zeta potential of charged liposomes are 
). 
Cells 
) [78], EB1 [77], IC74-mfGFP (marker for dynein) 
cultured in Dulbecco’s modified eagle medium (DMEM;
high glucose (4.5%), 10% fetal bovine serum (
at 56℃ for 30 minutes), 1% penicillin/streptomycin
7.5% sodium bicarbonate (5 mL, Sigma #S8761), 200
081), and 1% G418 solution (50 µL G418/ 5
was generously provided by Dr. Keiju Kamijo 
. The 
charged lipid (POPG; 
P, MW = 760.1, Avanti). 
.  
 
measured by dynamic 
[77], myosin 
[79] (see Figure 2.2). 
-GFP [78] are used 
 500 mL, 
50 mL, 
 (5 mL, 
 mM glutamine (6 
 mL media, Invitrogen 
at the National Institutes 
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of Health. Cells are seeded onto polyacrylamide (PA) substrates coated with collagen type I (0.2 
mg/ml) on 22 x 22 mm cover-slips (6x104 cells/cover slip). Different PA substrates, having varying 
elastic moduli, are prepared [80, 81]. Details of the preparation of PA thick films will be described 
in the next section. Cells are grown under standard culture conditions (37°C, 5% CO2, in a 
humidified environment).  
 
 
Figure 2.2 (a) 3D images of dividing cells expressing tubulin fused to GFP, myosin regulatory light 
chain fused to GFP (MRLC-GFP), and dynein labeled by IC74-mfGFP. (b) Images of dividing cells 
expressing MRLC-GFP. Single confocal slices are obtained at 900 sec intervals. The images 
show increasing concentration of myosin into an equatorial region during anaphase and 
cytokinesis.  
2.1.4 Preparation of Polyacrylamide Thick Films 
Using protocols described by Yeung et al. [80], polyacrylamide thick films are generated on 
functionalized 22 mm x 22 mm cover-slips which are flamed, coated with 0.1N-NaOH and air dried. 
(a)
(b)
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Cover-slips are incubated in 30 µL 0.5% silane (3-aminopropyltrimethyoxysilane, Acros Organics, 
#31251000) for 5 minutes. After extensive rinsing, cover-slips are incubated in 70% 
glutaraldehyde (Alfa Aesar, #10149118) in PBS for 30 minutes. After rinsing, cover-slips are dried 
and stored for future use.  
Next, polyacrylamide ( (-CH2CHCONH2-)n ) gels of various stiffness are fabricated on the 
surface of the activated cover-slips. Differences in stiffness are achieved by varying the amounts 
of acrylamide (MW = 71.08; Acros Organics, #164855000) and bis-acrylamide (MW = 154.2; 
Promega, #0000037459) in the gel solution according to Table 2.1 and Figure 2.3. 1 mL of solution 
is degassed for 30 minutes under house vacuum. 0.5 µL of TEMED (J.T.Baker, #0000033235) 
and 5 µL of 10% ammonium persulfate (FW = 228.2 Acros, #401165000) are added to initiate 
polymerization and mixed thoroughly. A volume of 20 µL of the polyacrylamide mixture is 
immediately pipetted onto the surface of a glass slide and the activated cover-slip is carefully 
placed on top. A Rain-X coated 18 mm circular cover glass is placed on top of the gel solution, and 
the polyacrylamide is allowed to polymerize for 25-60 minutes. After polymerization, the circular 
cover glass is removed.  
Table 2.1 Expected modulus of elasticity after polymerization of relative Acrylamide and 
Bis-Acrylamide concentrations. 
 
The heterobifunctional cross-linker sulfo-SANPAH (Thermo Scientific #OK194189) is used to 
crosslink extracellular matrix molecules onto the gel. 0.5 mg sulfo-SANPAH is diluted in 1 mL 
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HEPES (50 mM and pH = 8) and 5 µL DMSO immediately before coupling. Then, 100 µL of the 
sulfo-SANPAH solution is pipetted on the surface. Treatment consisted of applying sulfo-SANPAH 
cross-linker solutions and incubating under ultraviolet light for 15 minutes. After several rinses with 
50 mM HEPES pH 8, a 0.2 mg/ml collagen type I (Rat Tail High Concentration 9.87 mg/mL; BD, 
#354249) solution is placed on the gels. Substrates are incubated overnight to sterilize before cell 
seeding. 
 
Figure 2.3 Mechanical properties of polyacrylamide substrates. Young’s modulus of 
polyacrylamide gels with various acrylamide/ bis-acrylamide ratios is measured by atomic force 
microscopy (AFM). 
The thickness of each sample as measured by vertical slicing of acquired volumetric confocal 
images is around 100 µm. Atomic force microscopy (AFM) is used to measure the stiffness of the 
polymer substrate. Control of the relative positions between an AFM cantilever and the substrates 
is achieved using a piezoelectric translator (P-841; PhysikInstrumente, Waldbronn, Germany). 
Vertical motion of the AFM in the range 1 nm to 1 µm can yield a vertical force in the range 10 pN 
to 10 nN. The AFM forces are monitored by use of a quadrant photodiode to sense changes in the 
reflection angle of a laser beam reflected off the top the cantilever. Force constants of the 
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cantilevers (MLCT-UC; Bruker, CA) are calibrated by analysis of their thermal fluctuations 
according to the method of Hutter and Bechhoefer [82]. The sensitivity of the laser point motion 
within the photodiode is calibrated by scanning the glass slide on which the gels are plated, then 
measuring the resulting slope of the indentation scan in units of (m/V). Knowledge of these 
parameters yields a force from the voltage output of the photodiode.  
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2.2 Optical Components and Configurations 
Optical tweezers [83] use a highly focused laser beam to form a stable trap that can confine a 
micron or nanosized particle in three-dimensional space. The tweezers thus enable non-invasive 
manipulation, without any mechanical contact, of microscopic probe particles embedded in a 
sample. Since its first demonstration in 1986 by Ashkin et al. [72], single-beam optical tweezers 
have been used to manipulate microscopic objects such as colloidal particles [84], bio-molecules 
[85, 86], and biological cells [74, 87-89]. Optical tweezers have also been used as pico-Newton 
force transducers to measure the strength of molecular bonds [90] and to determine the 
transmission of forces in the microscopic environments of complex fluids [91-94]. Combining the 
ability to manipulate micro-particles with force measurements, optical tweezers have been used to 
study the micromechanical properties of soft materials [95, 96] such as colloidal crystals [97-100], 
liquid crystals [101-103], carbon nanotube suspensions [104], actin-coated lipid vesicles [105-107], 
living cells [108-113], cytoskeletal networks [114-117], DNA networks [49, 118], polymer solutions 
[46, 119, 120], collagen gels [121, 122], human erythrocyte membranes [67, 123-126], and even 
individual strands of DNA molecules [86, 127]. In this section, we introduce the oscillatory optical 
tweezer system and describe calibration of the trapping force in the linear restoring-force regime. 
Then we discuss two-particle optical interactions in Section 2.2.4. With proper calibration, the 
optical tweezers can be used as a convenient micro-rheometer, which will be discussed in Chapter 
3 and Chapter 4. 
2.2.1 Oscillatory Optical Tweezers Setup 
We construct our oscillatory optical tweezer system (as shown in Figure 2.4) with two lasers: a 
high-power laser (λ = 1064 nm) to trap and oscillate particles, and a low-power laser (λ = 980 nm) 
to track trapped particle displacement. The tracking laser intensity is attenuated so that its power 
is lower than that of the trapping laser by two orders of magnitude in order to prevent disturbance 
of optical trapping effects. Both beams are expanded and collimated to fully fill the back aperture 
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of a high-focusing microscope objective (100X). The oscillatory PZT-driven mirror shifts the 
incident angle of the beam (without a position shift). Through optical conjugation, adjustment of the 
distance between the two lens as a beam expander (BE) causes a change of the incident angle of 
the beam at the back aperture of the microscope objective. This produces a lateral translation of 
the focal spot without laterally shifting the beam outside the back aperture of a microscope 
objective.  
 
Figure 2.4 A schematic diagram of the experimental setup; BE: beam expander; PZT Mirror: 
mirror mounted on a PZT (piezo-electric stage); PBS: polarizing beam splitter; M: mirror; DM: 
dichroic mirror; BS: beam splitter; QPD: quadrant photodiode; CCD: charge-coupled device.     
Since the trapping and detection beams are collinear and parfocal, any movements of the 
particle can be deduced from the diffraction of the detection beam relative to that of the trapping 
beam. Light from the tracking beam diffracted by the particle is collected by the condenser and 
projected onto a quadrant photodiode (QPD, S7479, Hamamatsu) in the transverse sample plane. 
For accurate detecting, the voltage output of the detector is limited to a linear function of the 
displacement of the trapped particle. Our present particle tracking system provides spatial 
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resolution in the sub-nanometer range. To analyze the voltage from the detector, we use a lock-in 
amplifier referenced to the sinusoidal signal that drives the PZT-driven mirror. This provides great 
sensitivity to determining of the displacement amplitude and phase shift of the trapped particle. 
Wide-field images of the trapped particle are captured by a CCD camera for optical alignment, 
image observation, and analysis. In addition, scanning of the trapping beam is accomplished by 
oscillating (along the x-axis) the mirror mounted on the PZT stage as is illustrated in Figure 2.5.  
 
Figure 2.5 (a) Normalized amplitude and (b) phase delay of the mirror-mounted PZT stage as a 
function of the oscillation frequency from 1Hz to 1000Hz. 
2.2.2 Calibration of Optical-Tweezers Force Constant 
With proper calibration [128-137], the optical tweezers can be used as a convenient force 
transducer. Measurements of the optical forces on a particle trapped by optical tweezers can be 
calibrated by several different approaches. In the fluid-drag approach, a trapped particle is 
dragged along a direction perpendicular to the optical axis with a viscous force gradually increased 
until the particle escapes from the optical trap [128, 133, 138]. In the thermal-fluctuation approach, 
the force constant can be deduced either by analyzing the spatial distribution of the Brownian 
motion of an individual particle in the optical tweezers [139-143] or by analyzing the power 
spectrum of the thermal fluctuations [129, 144]. In the forced-harmonic-oscillator approach, the 
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force constant can be calculated from the frequency-dependent amplitude and phase of a particle 
that is harmonically driven by oscillatory optical tweezers in a liquid with known viscosity [145, 146]. 
In this section, we describe the forced-harmonic-oscillator method.  
The motion of a particle, trapped and oscillated by the oscillatory optical tweezers in a viscous 
medium, is determined by force imparted by the optical tweezers and the viscous drag force 
experienced by the particle. We can describe the optical trapping force by Hooke’s law, with an 
optical force constant “kOT”, in the linear restoring force regime. Here, the optical force is 
proportional to the displacement when the displacement is sufficiently smaller than the optical 
force-regime, which will be described in the next section [147]. Figure 2.6 shows the forces on a 
particle of radius “a”, in an oscillatory optical tweezers in a simple viscous liquid. In the linear 
restoring-force regime, the oscillatory optical tweezers can be modeled as a quadratic potential 
well, oscillating with constant amplitude “A”. For a simple viscous liquid, the drag force is the 
Stokes drag 6dragF axpiη= ɺ , where  is the velocity of the particle and η is the shear viscosity 
of the liquid. 
 
Figure 2.6 Forces on a particle trapped by an oscillatory optical tweezers.  
xɺ
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The force exerted on the particle by the optical tweezers is the force constant multiplied by the 
distance from the center of the particle to the center of the trap. A second, stationary laser beam 
focused by a low numerical aperture, with optical intensity much weaker than that of the trapping 
beam, is used to track the position of the particle. The equation of motion of the particle is  
( , ) 6 ( , ) ( ( , ))i tOTmx t ax t k Ae x tωω piη ω ω= − + −ɺɺ ɺ                (2.1-a) 
where m is the mass of the particle, x
  
is the displacement of the particle from the center of the 
tracking beam, and A is the amplitude of the oscillatory optical tweezers with angular frequency ω. 
Since the Reynolds number of the particle motion is low, >> , one can ignore the first 
term, , and Equation 2.1-a can be simplified to Equation 2.1-b for a micron-sized particle with 
oscillating frequencies in the range of ω = 1～6000 rad/s as discussed below.  
6 ( , ) ( , ) i tOT OTax t k x t k Ae ωpiη ω ω+ =ɺ                     (2.1-b) 
A steady-state solution of Equation 2.1-b can be written in the form , 
where the displacement amplitude “D” and the relative phase “δ” can be obtained experimentally 
by the use of a lock-in amplifier. The amplitude D(ω) of the displacement of the particle is given by 
                         (2.2-a) 
and the phase shift δ(ω) is given by 
                          (2.2-b) 
6 axpiη ɺ mxɺɺ
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 Figure 2.7 (a) The normalized amplitude
frequency of a 1.5 μm diameter polystyrene particle in de
tweezers. The open circles represent experimental data and the solid
optical force constant kOT
The amplitude of the displacement has two distinct regimes
frequencies, the amplitude of the particle's displacement takes on the form 
the elastic force of the trap dominates the motion of the particle. At high frequencies, the viscous 
damping force dominates the motion of the par
displacement takes the form 
tangent of the phase is a linear function of angular frequency, given by
The optical force constant (
where the viscosity η of water is taken to be 0.
respectively, depict the angular frequency
oscillating polystyrene particle (diameter = 1.5 
the experimental data and the solid lines are the fits with the optical force constant 
fitting parameter in Equation 2
pN/μm from the amplitude data and 14.70±0.42 pN/
power of 6 mW. 
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Figure 2.8 Experimental and theoretical results for kOT vs. particle size at 1 mW laser power. 
Green crosses: measured by oscillatory optical tweezers, OOT; red crosses: measured by 
tracking particle Brownian motion, BM; black solid line: generalized Mie theory. Means and 
standard deviations are obtained by repeating each experiment 10 times under identical 
experimental conditions. 
Optical forces on colloidal particles have been calculated using mainly three different models: 
(a) the ray optics model [130, 149], which is a good approximation for the particle radius “a” when 
it is bigger than optical wavelength “λ”; (b) the electromagnetic field model [150, 151], a good 
approximation for the particle radius when a < λ; and (c) generalized Mie theory, which is 
applicable when the particle size is comparable to the wavelength of the trapping laser [131, 152, 
153]. In the linear restoring force regime, the optical force constants (per mW of optical trapping 
power) as a function of particle size, obtained from the generalized Mie theory (Figure 2.8, the 
black solid line) are in good agreement with the experimental data measured by oscillatory optical 
tweezers approach (Figure 2.8, green crosses). When the particle diameter approaches the 
trapping-laser wavelength (λ ~ 800 nm in water), the transverse linear optical spring constant 
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reaches a maximum, which agrees with the theoretical result. This is also consistent with the 
experimental results [142, 143] obtained by tracking the Brownian motion of a trapped particle (the 
red crosses) as shown in Figure 2.8.  
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2.2.3 Transverse Force Profiles associated with an Individual Particle 
For the design of optical trapping-based force transducers, the transverse force profile 
(especially in the linear restoring-force regime) associated with a particle in an optical trap needs 
to be determined. A pair of overlapping optical traps with unmatched strength has been used in 
experiments where the stronger trap served as a linear force transducer to map the force profile of 
the weaker trap [147]. Several techniques (such as a flow system [128-133], a double-stranded 
DNA tether [134], or an additional laser beam [135-137]) have been used to measure the 
maximum transverse trapping force of the optical tweezers. Use of an additional laser beam as a 
force sensor serves several purposes. First, it acts as an optical cage to prevent the trapped 
particle from escaping along the axial direction [133]. Second, it eliminates the need for an 
additional vehicle such as a double-stranded DNA linkage [134] or a fluidic flow system [128-133]. 
 
Figure 2.9 Experimental results showing the normalized trapping force as a function of the 
normalized particle displacement for different polystyrene particle sizes. 
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Experimental data for the trapping forces (normalized by the corresponding maximum 
trapping force) as a function of the particle displacements (normalized by the positions of the 
maximum trapping forces) are shown in Figure 2.9 for different polystyrene particle diameters. For 
particle sizes smaller than or comparable to the trapping laser wavelength, the normalized 
trapping force profiles closely follow the gradient of the Gaussian profile, which is expected from 
paraxial theory [151]. 
 
Figure 2.10 (a) The transverse trapping range (TTR) as a function of particle diameter; (b) the 
maximum trapping force as a function of particle diameter: experimental (red dots) and theoretical 
(black line: generalized Mie theory corrected for spherical aberration). The inset in (b) shows the 
maximum trapping force versus particle diameter on a log-log plot, where the green dashed line 
shows an a3 dependence. 
As the particle size increases, the normalized force profiles deviate from the gradient of the 
Gaussian profile in the region outside the transverse trapping range (TTR), which is defined as the 
radial distance from the center of the trap to the position where the trapping force is maximum. In 
general, TTR depends on the particle size as shown in Figure 2.10(a). For particles with radius 
smaller than the beam-waist radius (~ 0.3 µm in our experiments), the particle “sees” or “senses” 
the beam waist; hence, the TTR is mainly dictated by the beam-waist radius and is independent of 
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the particle size. For particles with radius comparable to or larger than the beam-waist radius, the 
TTR increases approximately linearly with the particle radius as a result of convolution of the 
trapping-beam intensity profile and the particle volume. 
The maximum transverse optical trapping force as a function of particle diameter is shown in 
Figure 2.10(b). The theoretical result shows that for small particles (i.e., for particle sizes much 
smaller than the trapping wavelength, i.e., 1064 nm in our experiment), the maximum transverse 
optical force is approximately proportional to particle volume as expected from the dipole theory 
[151] (see inset in Figure 2.10(b)). For Mie particles where the particle size is comparable to the 
trapping beam wavelength, the maximum trapping force is a weak function of the particle size 
[147].  
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2.2.4 Optical Interaction between Two Colloidal Particles 
The gradient optical force, which we discussed in the earlier section, can trap and manipulate 
a small particle. However, in the presence of multiple particles, the gradient force does not tell the 
entire story. There is an additional optical interaction which couples the particles [154]. This optical 
interaction between two colloidal particles was first demonstrated experimentally by Burns et al. in 
1989 [155, 156], who recognized it to be caused by an optical gradient force in a periodic potential 
resulting from interference of the incident light with light scattered by the particles. Illuminated by 
coherent light, dielectric particles can self-assemble into an array with periodicity equal to the 
wavelength of the light [154-156]. Lateral optical binding [157-162] has raised much interest from 
both fundamental and technical points of view partly because of its potential for applications such 
as photonic crystals. Here, we studied the optical binding force between two colloidal particles and 
measured the XX, YY and XY forces (shown Figure 2.11) as a function of distance between a pair 
of dielectric Mie particles. We compared the experimental results with numerical simulation using 
generalized Mie theory.  
 
Figure 2.11 Experimental configurations. In (a)-(c), the trapping beams are red, and the particles 
are blue. The polarization directions are indicated in black. In (a) and (b), the polarizations of the 
incident beams are, respectively, perpendicular (YY configuration) and parallel (XX configuration) 
to the X-separation vector of the two particles. In (c), the polarizations of the two beams are 
orthogonal (XY configuration).  
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    Two pairs of optical tweezers produced by a single laser are found to satisfy the requirements 
for the experiments. Two 1.5 µm diameter polystyrene particles are positioned in two coherent and 
independent optical traps, each formed by focusing an IR laser (40 mW, λ = 1064 nm) with a 
microscope objective lens (Olympus, PlanFluo, 100X, N.A.=1.3). One of the traps blinks by use of 
an optical chopper at 31 Hz. The position of the blinking trap is movable in the direction 
perpendicular to the laser beam by use of a motor-controlled lens. The other trap, non-blinking, is 
stationary. A second laser (λ = 980 nm), much weaker than the trapping laser, is used to track the 
position of the particle in the stationary trap.  
Using optical tweezers as a force sensor with known optical spring constants [109, 142, 143, 
145, 146], we measured forces between the two particles from the magnitude and phase (relative 
to that of the blinking light) of the particle displacement as a function of the distance between the 
particles. We determine the optical force by subtracting the hydrodynamic coupling [92, 163]. But 
not all the optical forces on the particles are due to optical binding. When two optical tweezers are 
near each other they exert forces on both particles, and the strength of the optical cross-talk 
increases with decreasing particle separation. Since two overlapping coherent optical fields 
interfere, the particles experience an additional force due to the interfering field. We can measure 
the force due to cross-talk by measuring the force on the particle in the stationary trap when the 
blinking tweezer has no trapped particle. The pure binding force is found by subtracting the optical 
cross-talk force from the total optical force.   
Figure 2.12 shows both the measured and calculated binding forces [141, 153, 164-170] for 
the YY (Figure 2.12(a)) and XX (Figure 2.12(b)) configurations vs. the center-to-center separation 
between two 1.5 µm-diameter polystyrene spheres. The theoretical calculation shows that the 
spatial periodicity of the binding force for both YY and XX configurations must be equal to the laser 
wavelength in the medium. To demonstrate that the spatial oscillation of the binding force is 
caused by a phase delay, we measure the force as a function of the relative phase between the 
two trapping beams at fixed relative positions. The force vs. relative phase for the YY configuration 
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is shown in Figure 2.12(c). Black, red, and blue correspond to particle separations of 3.0, 3.6, and 
4.2 µm, respectively; the data show that the optical binding force at a fixed particle separation 
varies sinusoidally with the relative phase shift and that the magnitude of the force decreases with 
separation, as expected.   
 
Figure 2.12 Experimental measurements (red line) and simulations (black line) of the binding 
force for different polarization configurations (YY (a), XX (b) and XY(d)) as a function of the particle 
center-to-center separation. (c) Binding forces for the YY configuration as a function of relative 
phase between the two optical traps. The dotted lines are guides to the eye that illustrate the 
sinusoidal nature of the curves.  
While the magnitude of the XY binding force (Figure 2.12(d)) is smaller than the XX and YY 
binding forces by a factor of two, the XY binding force shows characteristics different from those of 
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XX and YY: the spatial periodicity of the XY binding force is half the wavelength, and the force at a 
fixed particle separation is independent of the relative phase of the two beams. The optical force in 
the XY configuration is caused by another mechanism, i.e., interference of the E-field of the 
trapping beam with light scattered first from the particle in the trap to the neighbor particle, then 
re-scattered back to the original particle. Since this twice-scattered wave travels a distance 2R, the 
phase delay between the incident and the twice-scattered wave is 2Rk (R is the particle separation 
and k is the wave number of the laser beam in water), which gives the optical force a spatial 
oscillation of period ½ wavelength.   
For E-fields polarized in the directions perpendicular (YY) and parallel (XX) to the direction 
between the particles, the binding forces are long-range (~1/R) and oscillatory in space with 
multiple points of stability. For particles of size comparable to the optical wavelength, the 
magnitude of the binding force is comparable to the intrinsic (Coulomb and van der Waals) 
interactions between the colloidal particles. Interplay of the two types of colloidal forces can affect 
the ensemble behavior of particles in an optical field.       
A new binding force was discovered for the crossed (XY) laser polarization configuration. 
Termed “self-binding”, the new binding force differs from “mutual-binding” [155, 156] in the 
following senses: (1) it is caused by double scattering of light from both particles, thus is a second 
order effect; it is observable only because the stronger first-order mutual-binding is forbidden by 
parity for the XY configuration, (2) the spatial periodicity of the stability points is half the 
wavelength. In self-binding, the partner particle serves only as a back-scatterer. Hence, the 
partner can be of any shape, making self-binding potentially responsible for the phenomenon that 
particles, when illuminated by light, are attracted to a nearby solid wall [171]. This effect of optical 
interactions between two trapped colloidal particles should be considered in the use of two-particle 
active microrheology for studying the mechanical properties of two probe particles. This will be 
discussed in Section 3.3. 
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In conclusion, with each experiment serving for proper calibration, we found (1) the transverse 
linear optical spring constant (kOT) reaches a maximum when the particle diameter approaches the 
trapping laser wavelength; (2) the trapping linear range increases approximately linearly with the 
particle radius for particles with radius larger than the beam waist-radius; (3) maximum trapping 
force is approximately proportional to particle volume for particle sizes much smaller than the 
trapping wavelength; however, the maximum trapping force is a weak function of the particle size 
when the particle size is comparable to the trapping-beam wavelength; (4) optical binding forces 
generate a sub-picoNewton optical gradient force in a periodic potential created by interference of 
the incident light and the light scattered by the particles. Using oscillatory optical tweezers-based 
microrheology, we will use a micron-sized probe (~the trapping laser wavelength) to create a 
stronger optical force for local measurement. In addition, using two-particle active microrheology, 
we will use two laser beams with crossed laser polarization to minimize optical binding effects.  
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3. Microrheology of Polymer and Colloidal-Crystal Solutions 
In this chapter, we consider the mechanical properties of polymer and colloidal-crystal 
solutions measured by oscillatory optical tweezers. This approach allows us to measure the 
storage and the loss moduli (G' and G"). We consider single-particle active microrheology of a 
homogeneous polymer and colloidal-crystal solutions in Sections 3.1 and 3.2, respectively. The 
results are consistent with the corresponding bulk mechanical properties measured by a 
conventional-rheometer and micromechanical properties obtained from passive microrheology 
[172]. However, the experimental results of single-particle microrheology of inhomogeneous soft 
materials differ from the corresponding macroscopic mechanical properties. In Section 3.3, we 
consider the application of two-particle active microrheology to study the effects of microscopic 
heterogeneous mechanical properties of a polymer solution between two probe particles. 
3.1 Response Function for an Oscillating Particle in a Viscoelastic Medium 
To relate the motion of a single particle to the mechanical properties of the material 
surrounding the particle, the complex response function is extended to deduce the viscoelasticity 
of the material. The complex response function, α*(ω), is the ratio of the displacement of a particle 
to the external forces on the particle. α∗(ω) = x(ω) / F(ω) where x(ω) is the angular frequency 
dependent displacement of the particle and F(ω) is the external force on the particle. The response 
function from Equation 3.1, ignoring the inertia of the particle, can be expressed as 
                      (3.1) 
A single spherical particle trapped by optical tweezers in a viscous medium can be modeled 
by a viscoelastic medium with an effective complex shear modulus, . 
Conventionally, the viscoelasticity of a complex fluid is characterized in terms of the complex 
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shear modulus [173] , where η∗(ω) is the complex 
viscosity and G′(ω) and G″(ω) are the storage (or elastic) modulus and the loss (or viscous) 
modulus, respectively. Using these nomenclatures, the relationship between G*eff(ω) and G*(ω) 
can be expressed as 
  
* * *
*
1( ) ( ) ( ) ( ) ( )
6 ( ) 6 6 6
OT OT OT
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k k kG i G G iG
a a a a
ω ωη ω ω ω ω
pi α ω pi pi pi
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      (3.2) 
where the first term on the right side of Equation 3.2 represents the contribution from the elasticity 
of optical tweezers, and the other terms represent the viscoelasticity of the material surrounding 
the probe particle.  
When a particle in a fluid is subjected to an oscillating force, the effective complex shear 
modulus can be deduced from the angular frequency-dependent in-phase and out-of-phase 
motion relative to the oscillating force as follows: 
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   (3.3) 
From Equation 3.4, the storage and loss moduli, G′(ω) and G″(ω), of the material surrounding 
the probe particle can be determined from the phase shift “δ” and amplitude “D” of the particle (in 
response to the oscillatory optical tweezers) by the following relationships: 
                 (3.4-a) 
       (3.4-b) 
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Here we present, as a specific example, the application of oscillatory optical tweezers to study 
the micromechanical properties of an aqueous solution of polyethylene oxide (PEO; MW = 100 
kg/mol). The results are in agreement with the bulk mechanical properties [174]. For a 20 wt% 
solution of PEO in water, the average mesh size of the polymer network is much smaller than the 
size of the probe particle (1.5 µm diameter polystyrene sphere). Although PEO has been shown to 
adsorb onto the surface of a polystyrene particle, adsorption is not an issue because the thickness 
of the adsorbed polymer has been determined to be approximately 24 nm [175].  
 
Figure 3.1 Flowchart explaining the ways of obtaining the frequency-dependant elastic and 
viscous moduli by active and passive measurements of the motions of a probing particle. MSD: 
mean square displacement; PSD: power spectral density; GSER: generalized Stokes-Einstein 
relation; FDT: fluctuation-dissipation theorem; KKR: Kramers-Kronig relations. 
The flowchart of approaches for obtaining the elastic and viscous moduli is shown in Figure 
3.1. Below we compare the mechanical properties of a 20 wt% solution of PEO in water as 
measured by the oscillatory-optical-tweezers active microrheological approach vs. those obtained 
by the particle-tracking passive microrheological approach (without optical tweezers). In the active 
approach, the complex shear modulus can be measured directly as described by Equation 3.5; in 
Active Approach
Oscillatory Optical Tweezers
D(ω) and δ(ω)
Passive Approach
Particle Tracking
PSDMSD
α”
G’ (ω) G”(ω)
G* (ω)= G* (s=iω) α’
GSER FDT
KKR
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the passive approach,
 
the complex shear modulus can be determined by tracking the Brownian 
motion and using the fluctuation-dissipation theorem (FDT) [176, 177] or the generalized 
Stokes-Einstein relation (GSER) [178].  
 
Figure 3.2  Experimental results of real part (α', shown in black) and the imaginary part (α", 
shown in red) of the complex response function as a function of frequency obtained by the active 
oscillatory optical tweezers approach (□) and the passive particle tracking approach (solid lines) 
according to the Kramers-Kronig relation (KKR).  
According to the fluctuation-dissipation theorem (FDT), the imaginary part of the complex 
response function α"(ω) can be written as: 
                             (3.5) 
where C(ω) is the power spectral density analyzed from particle displacement fluctuations, kB is 
the Boltzmann constant, and T is the absolute temperature. The imaginary part of the complex 
response function α"(ω) deduced from Equation 3.5, agrees with the corresponding results 
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obtained by the active approach in this equilibrium system. According to the Kramers-Kronig 
relation (KKR), the real part of the compliance function α' (ω) can be expressed as: 
          (3.6) 
The reciprocal of α*(ω) is the complex shear modulus ( ) ( ) ( )*G = G +iGω ω ω′ ′′ , where G′(ω) 
and G″(ω) are given by  
                        (3.7-a) 
                         (3.7-b) 
The loss modulus G"(ω) obtained by the active and the passive approaches agree well. 
However, the storage modulus G'(ω) measured by the active approach and the passive approach 
do not agree in both the high and low frequency regimes because the lower and the upper bounds 
of the frequency range of the integral in Equation 3.7 are replaced by finite values (6 rad/s and 
6000 rad/s, respectively). 
In Figure 3.3, the results indicate that the micro-rheological properties of semi-dilute PEO 
solutions agree with the bulk mechanical properties [174] within the frequency range 6 rad/s to 100 
rad/s accessible by both techniques [148]. For angular frequencies in the range of 100 rad/s to 
6000 rad/s, a comparison can be made between the micromechanical properties determined by 
the oscillatory optical tweezers and by dynamic light scattering [174]. The results in Figure 3.3 
indicate that the polymer solution has liquid-like behavior (G" > G') in the lower frequency regime 
and solid-like behavior (G' > G") in the higher frequency regime.  
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Figure 3.3 The experimental results of storage modulus G' (solid symbols) and loss modulus G" 
(open symbols) as a function of frequency obtained by active oscillatory optical tweezers (□) and 
passive particle tracking (solid lines). The dotted lines represent G' and G" based on the Maxwell 
model. The inset shows the imaginary part of the compliance function measured by passive 
particle tracking (without optical tweezers; solid line), and by active oscillatory optical tweezers 
(squares).  
The experimental results of the mechanical properties as a function of frequency can be fitted 
to the Maxwell model. The Maxwell element contains a spring and a dashpot (viscosity) in series. 
Spring and dashpot are subjected to the same stress(σ = σs = σD); the deformation of spring and 
dashpot are additive (γ = γs + γD). The dashpot causes the deformation to be time-dependent. 
Differentiation of the tensile deformation with respect to time delivers the rate equation, 
.s Dγ γ γ= +ɺ ɺ ɺ  Here it is convenient to express the stress as 0 exp(i t);σ σ ω=  
0i exp(i t) iσ ωσ ω ωσ= =ɺ  and the strain response by the phase lag δ via 
0 exp(i t )γ γ ω δ= + ; 0i exp(i t ) i .γ ωγ ω δ ωγ= + =ɺ  Then, we substitute the complex stress 
(σ) and strain (γ) into the constitutive equation for a Maxwell fluid:  .s D Gγ γ γ σ σ η= + = +ɺ ɺ ɺ ɺ  
We can rewrite i i Gωγ ωσ σ η= +  and then rearrange as 1 1 1G G i iγ σ ωη ωτ= + = +  
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with characteristic decay time τ given by the ratio of the viscosity to shear modulus. In a Maxwell 
model, this expression describes the variation of the complex modulus with frequency and 
separates the real and imaginary components:  
2 2
* *
2 21
iG G iG G τ ω τω
τ ω∞
 +
′ ′′= + =  + 
                         (3.8) 
with two adjustable parameters τ and , where  is the plateau modulus and τ  is the 
relaxation time of the system. The relaxation time occurs at the crossover frequency between the 
storage and loss moduli. According to the theory of rubber elasticity [179], , where ν is 
the number of elastically active chains in the network per unit volume. The rheology is well 
described by the Maxwell model [180, 181], with fitted parameters G*∞ = 10578 dyne/cm2 and τ = 1 
ms (the dotted lines in Figure 3.3).  
    The results indicate that the mechanical properties of semi-dilute PEO solutions compare well 
with the bulk mechanical properties and microrheological properties measured by passive particle 
tracking. The results thus provide a measure of confidence with regard to the oscillatory optical 
tweezers technique.   
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3.2 Electro-mechanical Coupling in Colloidal-Crystalline Suspensions of 
Charged Liposome 
In this section, we investigate colloidal interactions by using single-particle active 
microrheology. Colloidal crystals, a highly ordered array of colloidal particles, have been 
extensively studied. The behaviors of colloidal crystals reveal insights into mechanisms of 
self-assembly and phase transitions, which might be applied from colloidal studies to systems of 
atoms. Phase transitions have been studied by topological transformations. In order to study the 
details of particle interactions, such as electrostatic or hydrodynamic, individual micron spheres in 
colloidal suspensions are large enough for their motions to be tracked by video microscopy. For 
nano-sized colloidal particles, it is difficult to observe individual particles due to the optical-imaging 
diffraction limit. To study interaction, the macroscopic viscoelastic properties of colloidal 
suspensions can be measured by light scattering or rheology. However, studies of 
charge-dependent interactions between charged colloidal particles are missing due to a lack of 
control of charge on colloidal particles.  
 
Figure 3.4 The structure of POPC, POPG and a liposome. (From: http://avantilipids.com)  
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Here, we use charged 100 nm-sized liposomes in aqueous suspension to study mutual 
electrostatic repulsions. The ratio between charged lipid (POPG; C42H82NO8P, MW = 771.0, Avanti) 
and neutral lipid (POPC; C40H76NaO10P, MW = 760.1, Avanti) of liposomes can control the particle 
charge as shown in Figure 3.4. There are approximately 90,000 lipids per a 100 nm-sized 
liposome including both leaflets.  
When the mean distance between liposomes is less than Debye screening length, the 
suspension self-organizes into a highly ordered array, forming a crystal structure. Mutual 
repulsions between liposomes in de-ionized water produce an electrostatically-stabilized gel as 
shown in Figure 3.5. The rigidity of the gel is related to the liposome charge, size, concentration, 
and the ionic strength of the solution. In principle, it is possible to determine the liposome charge 
by measurement of the mechanical properties (i.e. bulk modulus, shear modulus, or osmotic 
pressure) of colloidal-crystal solutions.  
 
Figure 3.5 Backscattering of charged liposome solution when illuminated by white light 
(POPG:POPC = 20:80) with varying volume fraction (Φ).  
    To measure the shear modulus G’ of the gel in de-ionized water as a function of the intrinsic 
liposome charge at various ratios between POPG and POPC, we trap and oscillate a polystyrene 
 probed particle (1.5 µm diameter) 
measure the amplitude and phase of 
shear modulus of a colloidal
(POPG:POPC = 10:90) in de
Figure 3.6, indicates the gel has solid
and stabilizes its structure to 
Figure 3.6 Mechanical properties of 
having 12.5% volume fraction 
optical tweezers microrheology.
The shear modulus is proportional to the 
with respect to the direction of shear. The interaction potential can be modeled as a screened 
Coulomb potential in the Debye
use the following expression for the shear modulus of a body
[182]:  
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24
' (d)( d)
9
G cV κ=
                              (3.9) 
where c is the colloidal particle number density, d is the nearest-neighbor inter-particle distance, 
V(d) is the potential energy of two charged particles separated by distance d, and κ is the inverse 
Debye screening length.  
  
Figure 3.7 100 nm liposomes composed of negatively-charged POPG and neutral-charged POPC 
at various ratios in de-ionized water. Experimental data show that (a) elastic and (b) viscous 
moduli of the suspensions at varying liposome concentrations depend on the charge of the 
colloidal particles. The means and the standard errors are obtained by repeating each condition 5 
times. 
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    For point charges, the Debye-Hückel screened Coulomb potential energy between two 
particles in a de-ionized solution is: 
( )2*
V(d) exp( d)Z e
d
κ
ε
= −
                         (3.10) 
where ε is the dielectric constant of the water solution and Z* is the effective charge per particle. 
Here, κ is the inverse Debye screening length, *4 BZ cκ piλ= , where 2B Be k Tλ ε= is the 
Bjerrum length. 
 
Figure 3.8 Theoretical results of shear moduli of 100 nm liposomes composed of 
negatively-charged POPG and neutral-charged POPC at various in de-ionized water. 
    The magnitudes of our experimental G’ values are 10 times higher than those calculated with 
a screened Coulomb potential for point charges. The experimental G’ as a function of the liposome 
intrinsic charge Z is maximal at Z = 20,000~30,000, while the simple theory using a screened 
Coulomb potential gives a G’ maximum at Z* = 300~400. The relation of Z to Z* yields information 
on interfacial phenomena. However, the Debye-Hückel screened Coulomb potential energy, 
Equation 3.10, does not include finite-size sphere-sphere repulsions, which should be corrected in 
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the theoretical calculations. Our microrheological study provides new information to understand 
the potential energy between two charged particles in equilibrium systems.  
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3.3 Response Tensor for Coupled-Oscillation of Two Particles in a Viscoelastic 
Medium 
Single-particle microrheology can be extended to two-particle microrheology to investigate 
mechanical inhomogeneities in soft materials at length scales comparable to the distance between 
the probes. Two-particle microrheology particularly contributes to understanding of the mechanical 
properties of biological materials [115, 183]. Here, we present the micromechanical properties of a 
20 wt% polyethylene oxide solution (MW = 100 kg/mol) surrounding a single probe particle as well 
as between two particles.  
Much like the single-particle case, the formalism used to describe the hydrodynamic coupling 
between two particles in a simple viscous liquid can be extended to deduce the viscoelasticity of 
the medium. Consider a viscoelastic fluid in which two identical particles are held by two optical 
tweezers in two separated quadratic potential wells. Under the condition that one of optical 
tweezers is oscillatory and the other is stationary, the equations of motion of the particles (x1 and 
x2) are given by (neglecting the inertia of the particles) [91, 92]: 
        (3.11-a) 
( )* *2 21 1 1 22 2 2( , ) ( ) ( , ) ( )( ( , ))i tOT OTx t k Ae x t k x tωω α ω ω α ω ω = − + − 
       (3.11-b) 
where A is the amplitude of the oscillatory optical tweezers with angular frequency ω, and kOT is 
the force constant of the optical trap. To allow for possible inhomogeneity in the fluid, we introduce 
, , * *21 21( ) 1/ (4 )RGα ω pi= , and . 
Here R is the distance between the particles at the initial position, G*11 is the local complex 
shear modulus of fluid surrounding the particle in the oscillatory trap, G*12 and G*21 are the 
( )* *1 11 1 1 12 2 2( , ) ( ) ( , ) ( )( ( , ))i tOT OTx t k Ae x t k x tωω α ω ω α ω ω = − + − 
* *
11 11( ) 1 / (6 )aGα ω pi= * *1 2 12( ) 1 / (4 )R Gα ω pi= * *22 22( ) 1/ (6 )aGα ω pi=
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non-local complex shear moduli of the fluid between the two particles, and G*22 is the local 
complex shear modulus of fluid surrounding the particle in the stationary trap as shown in Figure 
3.9. By symmetry, G*12 = G*21, and α∗12 = α∗21. Viscoelasticity is taken into account by requiring that 
the viscosity is complex and is a function of frequency. For simplicity, in what follows, the force 
constants of the two optical traps are equal; i.e., kOT1= kOT2= kOT. Here, to avoid optical binding 
forces acting on the trapped particles, we use dual optical tweezers with the crossed (XY) laser 
polarization. When the separation distance is greater than 4 µm, the self-binding force can be 
ignored because the energy of self-binding (< 0.1 pN at 40mW trapping power) is comparable with 
thermal energy (kBT) as shown in Figure 2.12.  
 
Figure 3.9 Schematic diagram of two particles in a viscoelastic liquid with complex response 
function; each particle is in one of two separate quadratic potential wells a distance R apart.  
The purpose of measuring the correlated motions of two particles arises from the fact that 
these motions can be used to determine the non-local mechanical properties, G*12(ω), between the 
two probe particles. While the local mechanical properties, G*11(ω) and G*22(ω), can be determined 
by measuring the motion of a single probe particle, the non-local properties are expected to vary 
as a function of the distance between the two particles in an inhomogeneous viscoelastic medium 
[184, 185]. Thus, by varying the distance between the two particles and measuring the correlated 
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motions, we can actively measure the average mechanical properties between the two particles to 
probe different length scales of the inhomogeneity. 
To solve Equation 3.11 for the local and non-local mechanical properties, we assume that the 
distance between the particles is large enough (R > a) such that the particle in the stationary trap 
does not affect the motion of the particle in the oscillatory trap, except for coupling through the 
intervening medium as prescribed by G*12(ω). This weak-coupling approximation is justified by the 
assumption that the amplitude of the oscillation of the particle in the stationary trap is expected to 
be so small that its feedback to the other particle is a high order effect that can be neglected. Thus, 
the last term on the right side of Equation 3.11-a can be ignored, and the local complex shear 
moduli become  
     
 
                        (3.12) 
The above expressions for the local mechanical properties around each probe particle are 
identical to the corresponding expressions for the storage and loss moduli given in the previous 
section. The non-local complex modulus is given by 
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  
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                  (3.13)                                                               
where x1(ω)= D1(ω)e-iδ1(ω) and x2(ω)= D2(ω)e-iδ2(ω) are the displacements of the particles in the 
oscillatory optical tweezers and the stationary optical tweezers, respectively. The mechanical 
properties of the medium between the two particles can thus be determined by measuring the 
motion of the particles x1(ω) and x2(ω). Explicitly, the non-local storage and loss moduli are given 
by 
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Figure 3.10 A comparison between (a) the local storage modulus and the non-local storage 
modulus; (b) the local loss modulus and the non-local storage modulus, at several particle 
distances for a 20 wt% solution of PEO. In the legends, “R” is the distance between the two probe 
particles and “a” is the particle radius.  
As noted earlier, the PEO solution is homogeneous on length scales comparable to the size 
(1.5 µm diameter) of the probe particle, meaning that the local mechanical properties of the 
medium surrounding the probe particle are comparable to the bulk mechanical properties. Figure 
3.10 shows the non-local storage modulus and loss modulus at several length scales (i.e., the 
distance between two particles). The non-local mechanical properties probed by the two-particle 
microrheological approach agree reasonably well with the results obtained by single particle 
microrheology.  
In conclusion, since the two-particle microrheology technique allows the distance between 
two particles to be varied systematically, the non-local micro-mechanical properties of the medium 
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between two probe particles can be compared to the local micro-mechanical properties 
surrounding a probe particle. Using these methods, we can measure the mechanical properties 
both of polymer solutions and of colloidal-crystal solutions. For systems in mechanical equilibrium, 
an agreement is achieved in the measurement of the imaginary part of the response function α"(ω) 
by active (single- and two- particle) and passive approaches. Study of microrheology in 
non-equilibrium systems will be discussed in Chapter 4. This technique will present useful 
information regarding microscopic inhomogeneous structures in soft materials to be acquired in 
the future. 
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4. Microrheology of Living Cells 
The ability to measure mechanical properties at the sub-cellular level is important for the 
study of mechanotransduction [186]. In this chapter, we describe the method of oscillatory optical 
tweezers-based active microrheology. We have introduced the different microrheology 
approaches in Section 1.4. Here, we show comparative studies of extracellular/ intracellular and 
active/ passive microrheology in Sections 4.1 and 4.2, respectively. In Section 4.3, we combine 
active and passive microrheology to study microrheology in living cells in non-equilibrium states 
and with non-linear mechanical responses. 
4.1 Comparative Study of Extracellular and Intracellular Microrheology 
The mechanical properties of living cells, characterized by the frequency dependence of the 
storage and loss moduli (G' and G"), were reported by Fabry et al., [187] who used magnetic 
tweezers to manipulate ferromagnetic particles attached to the cell membrane. The frequency 
dependence of the storage modulus (G') was found to follow a weak power-law behavior and was 
characterized as a soft glassy material. In addition, Hoffman et al. [16, 17, 188] utilized 
laser-tracking microrheology to demonstrate that the complex shear modulus (G*) also follows a 
weak power-law dependence with frequency. The question is whether the cell mechanical 
properties measured by a probe located outside the cell faithfully reflect the intracellular 
mechanical properties. Due to a lack of consistency between various existing measurements of 
the mechanical properties of cells and the intrinsic inhomogeneity of the cell interior, it is difficult to 
compare results obtained by different experiments on different cells. To address such questions, 
we conduct experiments that measure cell mechanical properties using probes either located on 
the outer surface of the plasma membrane or embedded inside the cell, as shown in Figure 4.1 
[109, 110]. 
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Specifically, we measure the storage and loss components of the complex shear modulus, 
G*(ω)=G'(ω)+iG(ω)", of alveolar epithelial cells using a oscillatory optical tweezers-based 
microrheometer [145, 146]. In this technique, G*(ω) is obtained by trapping and oscillating a 1.5 
μm silica particle that is linked to the cytoskeleton through attachment with integrin receptors in the 
plasma membrane. Results obtained by this technique are compared with results obtained by 
optical tweezers forced oscillation of a micron endogenous intracellular organelle. 
 
Figure. 4.1 Sketch of an oscillatory optical-tweezers-based microrheometer with an extracellular 
antibody-coated particle (left circle) or an intracellular granular structure (lamellar body, right 
circle). 
For these studies, human lung epithelial type II cell (CCL-185 from American Type Culture 
Collection) is cultured in Ham’s F12K cell culture and is grown under standard culture conditions 
(37°C, 5% CO2 and 95% air) as shown in Figure 4.2. Protein-A coated 1.5 μm silica particles (G. 
KISKER GbR, Germany) are treated with the anti-integrin αV antibody (Sigma, Monoclonal 
Anti-integrin αV antibody produced in mouse, I3783, CD51) by incubation at 50 μg per 1 mg of 
particles in 1x phosphate buffered saline (PBS) solution [189]. The particles are incubated 
overnight with cells seeded on a cover-slip. Unbound particles are washed away with phosphate 
buffered saline (PBS). This process allows the particles to adhere to the plasma membrane 
through integrin-antibody linkages, as is illustrated in Figure 4.2 (below), where the contact area 
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between the cell membrane and the particle is characterized by the particle radius “a” and the 
half-angle, "θ" .  
 
 
Figure 4.2 (Top) A bright-field image of lamellar bodies that exist abundantly in alveolar epithelial 
type II cells. (Below) A schematic diagram of integrin antibody coated particles attaching to the 
plasma membrane (particle size not to scale). Also shown is a fluorescent image of actin 
cytoskeleton (phalloidin) with bead location outlined in blue.  
To apply an extracellular probe, we trap an anti-integrin αV-conjugated silica particle (diameter 
= 1.5 μm) externally attached to the plasma membrane of the lung epithelial cell and oscillated by 
the trapping beam with an amplitude of 100 nm. We determine the viscoelasticity of the cell from 
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90 degrees, the multiplicative factors are 2.4 – 0.36 for G' and 1.4 - 0.71 for G", respectively, as 
shown in Figure 4.3.  
 
 
Figure 4.4 The storage modulus G' (solid symbols) and the loss modulus G" (open symbols) of 
cells, as a function of frequency, probed with (a) an anti-integrin conjugated silica particle attached 
to the plasma membrane, (b) an intracellular organelle. In both (a) and (b), the dashed line 
represents a power-law fit to G′. (c) The effect of latrunculin treatment, jasplakinolide treatment, 
and 37°C temperature on average power-law exponents. (d) Effect of latrunculin treatment, 
jasplakinolide treatment, and 37°C temperature on normalized elastic and shear moduli. Data are 
means ± SE. *Significant difference compared with untreated cells at 23°C (P < 0.05). ^Significant 
difference compared with latrunculin-treated cells (P < 0.05). 
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Because the multiplicative factor is significantly larger when θ  is smaller than 30 degrees, 
we avoid trapping any particles that are loosely bound to the cell surface, namely, particles that 
visibly move synchronously with the oscillatory trap at low oscillatory frequencies. The 
experimental measurements of cellular mechanical properties show for epithelial cells treated with 
Latrunculin A (which depolymerizes actin) are softer than cells treated with Jasplakinolide (which 
stabilizes actin filaments) [110], as shown in Figure 4.4 (c) and (d). The results show that the 
oscillatory optical-tweezer technique provides a promising approach for probing the mechanical 
behavior of living cells.    
For intracellular probing, we use optical tweezers to trap and oscillate an internal granule 
(probably a lamellar body which exists abundantly in alveolar epithelial type II cells). Figure 4.2 
shows a bright-field image of these lamellar bodies. To further characterize these lamellar bodies, 
we calculate that the intracellular granules used in this study (i.e. lamellar bodies) are spherical, 
have a uniform spatial distribution, and are ~2 μm in diameter.  
Intracellular G' and G" are determined from the experimentally measured particle 
displacement magnitude (D) and phase shift (δ) using Equation 4.2.  
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                          (4.2-b) 
where kOT is the spring constant of optical tweezers, "a" is the radius of the particle, "A" is the 
amplitude of oscillatory optical tweezers. However, these organelles have different optical 
properties from those of the artificial particles (silica or polystyrene), so the kOT used for calculating 
G* must be different due to the refractive- index-dependent gradient optical force. We re-scale kOT 
by taking the ratio of the estimated optical contrast of the organelles (composed of 80% 
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proteins/lipids (n~1.5) and 20% water (n=1.33)) in cytoplasmic fluids (80% water and 20% proteins) 
to the optical contrast of a silica particle (n=1.45) in water. The re-scaling reduced kOT to 
approximately 61% of the value for a 1.5 μm silica particle in water. We do not consider scaling of 
kOT due to the particle size difference between the lamellar bodies and the silica particle because 
the gradient force is a weak function of particle size for particles larger than the trapping 
wavelength as shown in Figure 2.8.  
 
Figure 4.5 (a) Power-law exponents of G' and G* for extracellular and intracellular data. Error bars 
represent standard deviations and the means are not statistically different. (b) Magnitudes of 
pre-factor G'0 and G*0 for extracellular and intracellular data. 
    To compare external and internal measurements, we plot the mean values of the power-law 
exponents (G'=G'0(ω/ω0)α and |G*|=G*0(ω/ω0)β.) and the scaling pre-factors (G'0 and G*0) in Figure 
4.5 (a) and (b). These tests indicate that the mean values of both G'0 and G*0 measured by 
trapping intrinsic intracellular granules are significantly lower than those measured by trapping a 
particle externally attached to the cytoskeleton. Although both external and internal measurements 
yield comparable power-law relationships, the internal storage and shear moduli are lower than 
the moduli measured using externally bound particles. Note that uncertainties in θ cannot count for 
such large differences between the intra- and extracellular measurements. The larger moduli 
measured with the external particles could be influenced by extensional stiffness or other 
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mechanical properties of the plasma membrane. To investigate the role of membrane mechanics, 
future measurements should utilize acLDL-coated particles, which bind to low-density lipoprotein 
receptors (since these receptors are not linked to the cytoskeleton) [191]. Although using an 
intracellular organelle as a probe provides a direct measurement of intracellular local mechanical 
properties, determination of the optical force constant, kOT, of the optical tweezers requires 
knowledge of the indices of refraction of the probe and the surrounding material, which leads to 
uncertainty in the measured mechanical properties.  
In conclusion, we use oscillatory optical tweezers to determine the intracellular viscoelasticity 
of human lung epithelial cells by forced oscillation of an anti-integrin αV-conjugated silica particle 
externally attached to the plasma membrane and of an endogenous intracellular granule. The two 
methods give comparable results. We have demonstrated that the optical-force oscillation of 
external probes attached to the cytoskeleton can provide reliable measurements of “whole-cell 
mechanics”. However, in comparison, the intracellular oscillation of endogenous organelles is 
more useful in investigating intracellular heterogeneity and temporal fluctuations. We will focus on 
the intracellular measurements in the following sections.  
  
64 
 
4.2 Comparative Study of Active and Passive Cellular Microrheology 
In the previous section, we discussed measurements of cell mechanical properties using 
probes located exterior to the plasma membrane and using probes embedded inside the cell. The 
intracellular measurement can be useful in studying intracellular temporal fluctuations for 
investigating the non-equilibrium state inside living cells. It is well known that cells generate and 
react to forces through a non-equilibrium network of cytoskeleton and motor proteins [192, 193]. 
The mechanical properties of active cytoskeletal-network systems may be dependent on 
intracellular tension created by active motors [59, 115, 194-200]. Motor activity is an example of 
how non-equilibrium systems [201] may be created in living cells [113, 202]. Non-equilibrium 
mechanical behavior has been observed with an in vitro model system consisting of an actin 
network with embedded myosin motors [114], and has also been observed in living cells [112, 
113].  
In this section, by using a combination of active and passive microrheological approaches, we 
test the response functions obtained by active and passive microrheology by use of the 
fluctuation-dissipation theorem. Cell microrheology is examined using both active [109, 119, 187] 
and passive [16, 17, 185] approaches. By use of the fluctuation-dissipation theorem (FDT) to 
compare the results of active and passive microrheology, intracellular mechanical properties and 
non-thermal fluctuating forces can be measured in non-equilibrium systems [115]. For the active 
microrheology (AMR) measurements, optical tweezers are used to trap and oscillate an engulfed 
particle (1 µm polystyrene particle) inside a living HeLa cell. When a force (F) acts on the particle, 
the deformation of the surrounding medium can be used to yield the linear response of the particle 
via u=α∗ F, where u is the position of the particle andα∗  is the complex response function. For a 
simple incompressible and homogeneous elastic medium, the response function is related to the 
shear modulus G* of the medium via α∗ = 1 / (6piG*a) , where "a" is the radius of the probe particle. 
The mechanical properties can be characterized by the complex viscoelastic modulus G*=G'+iG". 
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We directly determine G' and G" from the experimentally measured particle displacement 
magnitude and phase [109].  
 
Figure 4.6 Sketch of the two cellular microrheology techniques. The left figure shows the active 
approach based on oscillatory optical tweezers, in which an intracellular particle is trapped. The 
right figure shows the passive approach where a CCD camera is used to track fluctuations in the 
particle position. 
Using passive microrheology (PMR) measurements, the fluctuations of a 1 µm polystyrene 
particle entrapped in HeLa cells were recorded by a fast CCD camera. Fluctuations of the particle 
position can be observed by particle tracking analysis with 10 nm resolution. In a typical run, the 
particle is followed for 300 seconds with signal acquisition at 500 frames/second. Since a living 
 cell might be a non-equilibrium mechanical system 
measured by PMR would include 
to dynamic non-thermal 
To distinguish thermal 
cell, we compare the particle’s fluctuation
thermal fluctuation spectrum 
imaginary part of the response function (
act on the probe, and the power spectral density
to the mechanical response of the
where Cthermal(ω) is the power spectral density in an equilibrium system,
the response function (α
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    The thermal fluctuations (Cthermal) determined by active microrheology (diamonds) and the 
total fluctuation power spectrum (Ctotal) measured by passive microrheology (red lines) are shown 
in Figure 4.7. At lower frequencies, the fluctuations measured by PMR (Ctotal) have a larger 
magnitude than the fluctuations estimated by AMR (Cthermal). This result implies that molecular 
motors might induce additional low-frequency non-thermal fluctuations of a probed particle. We 
will further discuss the molecular motors' functions in Section 4.3. 
 
Figure 4.8 Experimental results of ratio between the total fluctuations (Ctotal) measured by passive 
microrheology and thermal fluctuations (Cthermal) estimated by active microrheology as a function of 
frequency by probing with (a) an endosome in human lung epithelial type II cells, and (b) an 
engulfed micro-particle in HeLa cells.  
The ratio between the power spectrum of total fluctuations (Ctotal) measured by passive 
microrheology and thermal fluctuations (Cthermal) estimated by active microrheology is shown in 
Figure 4.8. The measurements using an endosome [203] and an engulfed micron-sized 
polystyrene particle as a probe [204] are shown in Figure 4.8 (a) and (b), respectively. This ratio 
was defined in previous studies as the ratio of the "effective temperature" (Teff, = Ctotal / Cthermal = 
Ctotalω / 2kBTα") of the system to the bath temperature [112, 113]. At frequencies lower than 10 Hz, 
the ratio obtained via an engulfed micro-particle is much lower than the corresponding values 
obtained via an endosome [29], presumably due to the different non-thermal fluctuations induced 
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by different molecular motors (i.e., actin motors vs. microtubule motors). At frequencies higher 
than 10 Hz, the results from AMR and PMR measurements are comparable. Such results indicate 
that the frequency limit of the non-equilibrium dynamics is caused by molecular motors. 
To determine the intracellular non-thermal fluctuating forces, we combine active and passive 
microrheology to determine the non-thermal fluctuations. We determine the thermal fluctuation 
spectrum (Cthermal) of a probe particle using AMR measurement of the imaginary part of the 
response function (α") [109]. Using the fluctuation-dissipation theorem (Equation 4.3), the 
estimated fluctuations can be determined (2kBTα"/ω). The non-thermal force spectrum (<f 2>) [115] 
can be defined as the difference between the total fluctuation spectrum (Ctotal) measured by PMR 
and the thermal spectrum (2kBTα”/ω) estimated by AMR.  
2 *2 2 B
total thermal total
k Tf C C C αα
ω
′′
= − = −
                     
(4.4) 
Table 4.1 A comparison of the measurements of cellular "effective temperature" (Teff = Ctotalω / 
2kBTα") and cellular non-thermal forces (<f 2>). 
 
The cellular non-thermal forces using either a probed particle attached to a cellular cortex 
[112, 183] or a probed particle bound inside a cell [113] can be studied by both local and non-local 
microrheology [113]. Comparing with previous reports [112, 113, 183] as shown in Table 4.1, the 
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measurements using an engulfed particle (1 µm-diameter polystyrene) as a probe show that the 
intracellular force is smaller than the tension on the cellular cortex. This result indicates that 
intracellular motors might be weaker or less active than motors on the cellular cortex. In the 
previous study by Wilhelm [113], the cellular non-thermal forces were found to be dependent on 
the probe size. They used active magnetic-particle rotational microrheology to measure 
intracellular non-thermal forces of 0.4, 2.7, and 5.7 pN for 0.3, 1, and 2.8 µm particles, respectively. 
They suggested that the smaller particles have fewer interactions with the networks, whereas 
bigger particles are more likely to encounter cytoskeleton filaments and undergo active transport. 
Using the non-local, two-particle microrheology technique, which was introduced in our Section 
3.3, might provide more information about the inhomogeneous intracellular mechanical properties 
reported by Mizuno et al [183] as shown in Table 4.1. However, the experimental approach is 
limited to measure a suspended biological cells. We will use a single-particle active microrheology 
technique in the following sections. 
In conclusion, to study non-equilibrium microrheology in living cells, we use the endogenous 
lamellar bodies and engulfed 1 µm polystyrene particles within the cell as probes to measure the 
intracellular compliance of living cells. Using the fluctuation-dissipation theorem, we compare the 
measurements by passive and active microrheology. The differences obtained from the results of 
those measurements can be parameterized by an “effective temperature” over the frequency 
range 0.1 – 100 Hz. The differences between active and passive approaches observed by using 
endogenous lamellar bodies are larger than those observed using an artificial particle as a probe. 
This difference can be caused by either different molecular motors generating different 
non-thermal forces or uncertainties in calibration of the oscillatory optical force due to the unknown 
lamellar bodies' refractive index, which was discussed in Section 4.1. In order to avoid the 
uncertainties associated with using a lamellar body as a probe, we will use engulfed 1 µm 
polystyrene particles to study the intracellular mechanics in response to substrate rigidity in the 
next section.   
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4.3 Nonlinear Intracellular Elastic Response to Intracellular Stress Depends 
on Substrate Rigidity  
    Living cells with mechanical integrity maintained by molecular motors in a cytoskeleton 
network are intrinsically non-equilibrium and mechanically non-linear, forming a coupled dynamic 
mechanical system. The dynamic mechanical interactions affect cellular functions such as cell 
spreading and stiffness [23, 205, 206] and stem-cell differentiation [33, 207]. It has been 
suggested that these cellular responses might be regulated by cellular traction stress arising from 
molecular motors [24, 33, 34]. This internally generated contractile stress might help cells sense 
and adapt to the stiffness of their environments. However, characterization of intracellular stress 
and elasticity and their relation to substrate rigidity is still lacking. Here, we seek to understand 
how the interplay of various sources of noise in a non-equilibrium system relates to non-linear 
responses in living cells.  
    It is well known that a single polymer shows a nonlinear response to increasing force with a 
power-law stiffening of the elastic modulus [208]. Stress-dependent stiffness is also present in 
active bio-polymer networks, as reported by Koenderink et al. [192] and Mizuno et al. [114], who 
showed that the mechanical stiffness of an in-vitro synthesized cytoskeletal network is altered by 
the activity of myosin motors. From the average tension in a network of strands due to motor 
activity, the tension in a single filament can be calculated as a function of its longitudinal extension 
by use of the worm-like chain model [198, 209]. In the nonlinear elasticity regime, the elastic 
modulus shows a 1.5 power-law dependence of the differential elastic modulus on tension. A 
simulation shows that motor-generated forces on the order of 1–10 pN can cause a nearly 
100-fold increase in stiffening of the in-vitro synthesized cytoskeletal network. The observed 
changes in mechanical stiffness were interpreted to result from molecular motor-generated 
dynamic stresses in the network. Nonlinear behavior was also found in the elastic response of 
biological cells to external stress [59, 200]. It has been speculated whether similar behavior can 
 occur in the mechanical 
However the mechanism 
remains unclear [28, 112
Figure 4.9 Morphology study 
standard errors are obtained by 1
    We investigate intracellular 
an active microrheology method using an internalized micro 
the cell interior, and (2) a passive method 
motions of the same particle, as described in the previous section
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by which myosin-generated stress could control intracellular elasticity 
, 113, 183, 200].  
of HeLa cells on substrates with different stiffness
0 individual cells for each condition. 
mechanical properties by two independent methods
particle to probe the viscoelasticity of 
based on statistical analysis 
. 
 [23]. 
 
 
. The means and 
 [114, 192]: (1) 
of fluctuations of the 
To observe the myosin 
 dynamics, we use an engulfed
local cellular stiffness 
myosin-regulatory-light-chains tagged with green fluorescent protein (MRLC
    HeLa cells expressing
5% CO2, in a humidified environment)
cover-slips coated with 
varying elastic moduli [80
force microscopy as shown in Figure 2.3
stiffness is shown in Figure 4.9.
Figure 4.10 Actin filament organization (red) and distribution of myosin regulatory light chain 
(green) in control cells and 
inhibitor. 
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in living HeLa cells which have been treated to express 
 MRLC-GFP [78] are grown under standard culture conditions (37°C, 
. Cells (6x104 cells/cover-slip) were seeded onto 
collagen I (0.2 mg/ml)-coated polyacrylamide 
, 81]. The elastic moduli of the polymer substrate
. Morphology of HeLa cells on substrates with different 
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s and 
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(PA) substrates having 
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 light chain kinase 
     To explore the internal cell mechanics with respect to the activity of intracellular motors, 
treated myosin-inhibitors for 1 hour 
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and selective inhibitor of 
(1-Aminoethyl)-N- (4-Pyridyl)
Rho-associated protein kinase (ROCK) and thus 
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    Cell microrheology 
approaches to measure 
described in Section 4.2
modulus and G" viscosity 
is observed that the cells attached to a stiff substrate 
attached to a soft substrate. 
extracellular measurements using atomic force microscopy 
range 0.1 to 100 Hz, the mechanical propert
response (i.e., G' > G"
networks [192].   
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 cyclohexanecarboxamide dihydrochloride
inhibits ROCK-mediated myosin light chain 
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-4-one), which binds to the myosin ATPase and slows 
is examined using both active [109, 119, 187] and passive 
intracellular mechanical properties and non-thermal 
. Figure 4.11 shows the intracellular mechanical properties (
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are significantly 
These results are qualitatively consistent with the previous studies of 
[35]. In addition
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), similar to measurements of in-vitro synthesized active cytoskeletal 
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 Figure 4.11 Experimental results of
G"; and (c) solid-like response 
of intracellular mechanical properties at 1
data point is the average of 10 measurements for each substrate stiffness. Bars are standard 
errors of the mean.  
    To study intracellular dynamic stress, we
determine non-thermal fluctuations. 
total fluctuations (Ctotal) 
estimated by active microrheology
frequencies suggests that 
This stress possibly results 
time scale is consistent with microrheological 
[114, 192, 210]. These cells 
myosin concentration. A
magnitude than the measurement by AMR (
shown in Figure 4.12 (control
the softer substrate, as shown in Figure 4.9
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behavior, G'/G" as a function of frequency. 
 Hz. Gsubstrate is the elastic modulus of the substrate. Each 
 combine active and passive microrheolo
Figure 4.12 shows the ratio between 
measured by passive microrheology and thermal
. The discrepancy between the PMR and AMR spectra at low 
a stress condition occurs on time scales longer than about 0.1
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 Figure 4.12 Experimental results of
average of 10 measurements for each substrate stiffness. Bars are standard errors of the mean.
    In additional experiments
with cells treated with myosin 
"effective temperature," is much higher. 
non-thermal fluctuations
reduced but does not reach the equilibrium value (
could be that other active processes 
induce intracellular non
fluctuations induced by microtubule motor proteins using endosomes as probes 
show that myosin plays a major role in 
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 Ctotal / Cthermal as a function of frequency
, we inhibit myosin activity in HeLa cells. To compare control cells 
inhibitors (ML-7, Y27632, and Blebbistatin), the ratio 
This result implies myosin motors might 
 of a probed particle. However, for myosin-inhibited cells, 
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 Figure 4.13 Intracellular
point is the average of 10 measurements for each substrate stiffness. Bars are standard errors of 
the mean. 
    The power spectra of 
Figure 4.13. These data 
particle attached to a cellular cortex 
The results imply that molecular motor
high-frequency thermal motions either on a cellular cortex or in a cytoskeletal network.
measurements show that stronger
stiffer substrates. The active intracellular
frequency with exponent 
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 Figure 4.16 Experimental results of
function of PA substrate 
modulus, ∆G', increases with 
stress level when cells 
modulus of the substrate. Each data point is the average of 10 measurements for each substrate 
stiffness. Bars are standard errors of the mean. 
    To determine intracellular stress
elasticity (∫∆σ/∆G' dG'), where 
fluctuations of intracellular elasticity.
intracellular elasticity (G'
stress (σ - σ0) is calculated 
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determining σ0, we need to find its physical meaning by looking at how 
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    In conclusion, in this section we use microrheology to study intracellular stress in response to 
substrate rigidity. By combining active and passive microrheology approaches with the same 
probe inside living cells, our results show that myosin can generate intracellular dynamic stresses, 
∆σ, at low frequency and myosin activity leads to larger fluctuations in the intracellular-elasticity, 
∆G', locally. We determine intracellular stress by integrating the inverse of intracellular stress level 
to intracellular elasticity, ∫∆σ/∆G' dG'. We found that the intracellular stress affects nonlinear 
intracellular elasticity in response to substrate rigidity. It is suggested that the effect of the motors 
would induce internal tension that brings the network into a nonlinear state.  
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5. Conclusions and Future Directions 
5.1 Summary and Conclusions 
    This thesis describes several studies of the viscoelasticity of both equilibrium and 
non-equilibrium systems by using oscillatory optical tweezers based active microrheology. The 
measurements of micromechanical properties of polymer solutions illustrate that the techniques 
lead to results consistent with bulk properties when the length scale of inhomogeneity, intrinsic to 
the polymer network, is much smaller than the size of a probe particle. The results are also in 
agreement with measurements by a passive approach for equilibrium mechanical systems. We 
study mechanical properties both of polymer solutions and colloidal-crystal solutions to provide 
information on the microscopic structures of these materials. In addition, microrheology inside 
living cells, using an engulfed micro-particle or an endosome as a probe, demonstrates the 
possibility of investigating intracellular heterogeneity and temporal fluctuations of viscoelasticity. 
Non-thermal cellular stresses for non-equilibrium mechanical systems in biological cellular 
environments can also be investigated, from which important biomedical implications can be 
expected. 
    In the living cell system, we demonstrated our capability to measure storage and shear moduli 
(G' and G") using optical tweezers and to utilize an internal probe as well as an externally attached 
particle. Whereas extracellular probes attached to the cytoskeleton provide measurements of 
global cell mechanical properties, intracellular probes provide direct measurements of intracellular 
mechanical properties. Both external and internal measurements demonstrate power-law 
relationships with exponents of ~ 0.4, which are consistent with several previous studies that 
report a soft glassy behavior of cellular materials [16, 111, 187]. Although the internal 
measurements in this study showed large variations from cell to cell, these variations might be 
indicative of the intracellular dynamics and inhomogeneity intrinsic to live cells.  
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    To study intracellular stress in response to substrate rigidity, we investigated the relationship 
between molecular motor-induced fluctuating stress and fluctuations of intracellular elasticity in a 
non-equilibrium mechanical system. The relationship between fluctuations in cellular stress and 
fluctuations in cellular elasticity for living cells under different internal tensions reveals a strong 
non-linearity between cell elasticity and intracellular stress which follows a master curve. It is 
suggested that motors induce internal tension that brings the network into a non-equilibrium and 
non-linear state. This consistency emphasizes the close analogy of motor-driven internal stress 
with external shear stress. These aspects of intracellular stress and stiffness provide a better 
understanding of fluctuations in the system. The relationship between the different sources of 
noise in living cells may help reveal the inner workings of the mechanical responses of the highly 
dynamic cytoskeleton network. From such information we may further understand how a highly 
adaptive system such as a living cell takes advantage of non-linear responses through evolution. 
 
    
  
85 
 
5.2 Future Directions  
    In our investigation of HeLa cells, intracellular stress is found to respond to substrate rigidity, 
and to help cells adapt to their mechanical environment. Further investigation of cell microrheology 
to study stem cell differentiation would be an important issue. It is well known that adult stem cells 
can divide to replenish dying cells, regenerate damaged tissue, and are found throughout various 
systems in the body. For a stem cell to self-renew, it has been suggested that an intrinsically 
asymmetric cell division occurs, whereby stem cells segregate cell-fate determinants into only one 
of the two daughter cells by two different mechanisms. During normal embryonic development, the 
central nervous system often undergoes asymmetric cell division leading to potentially different 
phenotypic fates [216-221]. Extensive recent work has outlined the importance of the extracellular 
mechanical environment in stem-cell differentiation [33, 222-227]. Trans-differentiation of human 
mesenchymal stem cells (hMSCs) has been shown to be substrate dependent [33].  
    One of the possible future directions is to mimic the intracellular stress and to study the 
spatiotemporal responses of mitotic cells to artificial extracellular forces. We can use weak and 
highly localized forces on well-defined physical locations, where either the membrane/cortex or the 
cytoskeleton is selectively perturbed. In addition, we can study cellular responses to substrate 
effects by observing three-dimensional live-cell imaging of the dynamics of multiple fluorescent 
cytoskeleton proteins. Our preliminary results indicate that application of a localized mechanical 
force to dividing HeLa cells displaces the spindle to an asymmetric position (these cells divide 
symmetrically under normal conditions of the experiment). Figure 5.1 shows a cell proceeding 
through anaphase and cytokinesis. We have successfully attached 1.5 μm polystyrene particles to 
the outside of the cells expressing MRLC-GFP. The particles were coated with monoclonal 
anti-integrin αV. Forces (~20 pN) were exerted on the particles using an optical trap, and the cells 
were imaged with bright-field and fluorescent images. Results show that the mitotic spindle, 
labeled by MRLC-GFP, appears to move to an asymmetric, post-perturbation position. Figure 5.1 
 (a) and (b) show a cell prior to the application of an external force. 
effect of an oscillatory force on the 
in several cases (n = 5) the spindle moved to an a
the particle when the perturbation 
external force was applied and the pole return
i.e. during cytokinesis, an external force 
Figure 5.1 Fluorescence microscopy and 
effect of mechanical perturbations of HeLa cells stably expressing MRLC
    Another possible future direction is to study stem
substrate rigidity. This investigation
sense mechanical environment
studies we studied intracellular 
indicates that dental-pulp stem cells may be used to regenerate bone, periodontal ligament, or 
teeth. Here, dental-pulp stem cells 
and intracellular mechanical behavior
oscillatory optical-tweezers
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stem cells (control cells 
cells cultured on the stiffer 
results of osteocalcin proteins expression in dental
Stony Brook University. 
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